ABSTRACT: Despite several reports on the surface phase transformations from a layered to a disordered spinel and a rock-salt structure at the surface of the Ni-rich cathodes, the precise structures and compositions of these surface phases are unknown. The phenomenon, in itself, is complex and involves the participation of several contributing factors. Of these factors, transition metal (TM) ion migration toward the interior of the particle and hence formation of TM-densified surface layers, triggered by oxygen loss, is thermodynamically probable. Here, we simulate the thermodynamic phase equilibria as a function of TM ion content in the cathode material in the context of lithium nickel oxides, using a combined approach of first-principles density functional calculations, the cluster expansion method, and grand canonical Monte Carlo simulations. We developed a unified lattice Hamiltonian that accommodates not only rock-salt like structures but also topologically different spinel-like structures. Also, our model provides a foundation to investigate metastable cation compositions and kinetics of the phase transformations. Our investigations predict the existence of several Ni-rich phases that were, to date, unknown in the scientific literature. Our simulated phase diagrams at finite temperature show a very low solubility range of the prototype spinel phase. We find a partially disordered spinel-like phase with far greater solubility that is expected to show very different Li diffusivity compared to that of the prototype spinel structure.
■ INTRODUCTION
Layered Ni-rich complex oxides are a popular choice as cathode materials for lithium-ion rechargeable batteries because of their high capacity. In particular, layered LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA) and LiNi x′ Mn x″ Co (1−x′−x″) O 2 (NMC) materials offer very high capacity and excellent rate capability. 1 The parent lithium nickel oxide (LiNiO 2 ) itself possesses several drawbacks, such as nonstoichiometry of Li 1−x Ni 1+x O 2 2−4 and low thermal stability. 5−8 In view of these disadvantages of the parent material, attempts to improve the electrochemical properties of Ni-based cathode materials led to doping strategies with other metal ions, such as Co, Al, Mn, Ti, Mg, etc. 9−15 For example, in the NCA compounds, 15% cobalt doping improves the stoichiometry and cation layering of the material and 5% Al ions are believed to lead to improved thermal stability. As most layered cathodes, Ni-rich materials show a rise in impedance when charged to high voltages. 16−20 This phenomenon, reportedly, is triggered by surface phase transformation of these materials from layered to disordered spinel-like and/or rock-salt-like structures, conjectured to occur due to oxygen loss followed by cation densification. 16−20 Through highresolution transmission electron microscopy (HRTEM) measurements employing selected area electron diffraction (SAED) and electron loss spectroscopy, the formation of rocksalt surface phases along with disordered spinel subsurfaces has been reported in NCA and NMC materials. 18−23 Although multiple reports describe the irreversible phase transformations that occur at the surface of Ni-rich cathode particles during charge−discharge cycles, the exact cation composition of these surface phases as well as the kinetics of the phase transformations remains unknown. Due to the low mass of the Li ions, it is difficult to experimentally detect Li site occupancy at the particle surface. However, relative arrangements between Li and TM ions have a significant bearing upon Li diffusion and the voltage of the cathode materials.
24, 25 Therefore, in order to improve the functionality of these materials, it is imperative to understand the cation configuration of the surface phases.
Oxygen loss at high voltages is a common phenomenon for most Li-ion cathode materials. One of the direct consequences of the oxygen loss at the cathode surface is the loss of oxygen coordination of the cations, which can lead the cations to migrate toward the interior of the cathode particle. Owing to their lower mass and formal charge, Li ions are expected to diffuse faster than transition metal (TM) ions. Therefore, an increase in the TM concentration at the surface within the same oxygen lattice framework is expected, which in turn can lead to the formation of irreversible surface phase transformations. In the present study, in order to understand the cation configuration of the TM-densified surface phases, we simulated thermodynamic phase equilibria as a function of Li, TM, and vacancy occupancy within a fixed oxygen lattice framework. We considered LiNiO 2 −NiO 2 −NiO as a model system. Of all TM ions in NCA and NMC cathode materials, we have singled out Ni in our simulated model since it occurs in the highest concentration. Also, the loss of oxygen leads to the formation of mobile Ni +2 ions, as compared to Co +3 and Al +3 ions, which is expected to lead to Ni migration toward the bulk with greater ease.
The prototype layered, spinel, and rock-salt phases, under discussion in the context of surface phase transitions, share a common close packed fcc oxygen framework, as illustrated in Figure 1 . In the rock-salt structure the cations are randomly arranged in the fcc octahedral sites. Whereas the ordered layered structure, LiNiO 2 , forms alternate layers of Li and Ni planes along the fcc [111] direction (see Figure 1c) , the conventional spinel structure, LiNi 2 O 4 , consists of ordered Ni layers along the cubic [100] direction and tetrahedral sites occupied by Li ions (see Figure 1c) . To understand the cation configuration in which these phases can exist, we developed a ternary Li−Ni−vacancy lattice model based on the cluster expansion method. In addition to the NiO rock-salt phase, which is the only known Ni excess phase in the literature, our model leads us to predict other Ni excess phases, the existence of which has, so far, neither been experimentally observed nor theoretically predicted. Through grand canonical Monte Carlo (GCMC) simulations based on the ternary model, we discuss the stability range for each phase at finite temperature. We present comparative structural analysis of the predicted Niexcess phases with respect to the prototype layered, spinel, and rock-salt structures.
■ METHODS
Construction of a Material-Specific Lattice Model. In this article, we computationally model the ternary phase diagram at finite temperature for the LiNiO 2 −NiO 2 −NiO system through GCMC simulations. GCMC simulations are carried out based on a lattice model constructed using the cluster expansion method 26−28 as implemented in the Clusters Approach to Statistical Mechanics (CASM) software.
29−32 Within the cluster expansion (CE) formalism, the variation of the energy with site occupancy is expanded using a set of cluster functions, Φ α . In the present study, the ternary cluster functions Φ α are defined as a product of the nonorthogonal basis set {1, σ i , σ i 2 }, where σ i denotes cation occupancy of the ith site that is part of cluster α. The configuration energy as a function of occupation variable σ, E(σ), for a ternary system is written as
where α is a cluster of lattice sites and the summation is over all inequivalent clusters with a multiplicity of m α . E 0 is the point energy term, and the expansion coefficients, J α , are called effective cluster interactions (ECIs). It has been observed that in practice the ECIs rapidly approach zero with an increase in the number of lattice sites and distance between atoms in the cluster α. Therefore, one can construct a lattice model using a finite number and size of clusters. The material-specific value of the ECIs is determined by fitting eq 1 to the first-principles calculated energies for a series of representative cation configurations at different lithium nickelate chemical compositions. The cluster expansion approach can be formally justified from a systematic coarse graining of the partition function, 33, 34 and its binary version has been used extensively to study configurational order in oxides. 35−37 As discussed before, the rock-salt, layered, and spinel structures share a common closed packed fcc oxygen lattice as shown in Figure  1a −c, respectively. We therefore consider, within the Fm3̅ m oxygen lattice, the interstitial 4a octahedral sites and 8c tetrahedral sites (see Figure 1d) , in which the presence of the Li (Ni) cations is associated with an Ising spin σ = 1 (σ = 0), whereas a vacancy (□) is associated with σ = −1. The ternary lattice model Hamiltonian was constructed by fitting eq 1 to the energy of 650 ordered arrangements of Li, Ni, and vacancies calculated using the GGA+U method. An optimal set of clusters that minimizes the cross-validation (CV) score was determined using the compressive sensing method. 38 Exact ground state procedures 39 integrated with a maximum satisfiability 40 solver have been applied to identify possible new ground states of the cluster expansion. The predicted ground states were then calculated with the GGA+U method and included in the input data set. The final Hamiltonian, which is constructed with an ∼18 meV/oxygen CV score, consists of 98 clusters with a maximum cluster size of four and maximum distance of 7.0 Å between any two points in the cluster. The cluster expansion error increases with the increase of the energy distance from the convex hull of stability, i.e., the error is smaller for the low-energy structures, as shown in Figure S1 .
First-Principles Calculations. All first-principles energy calculations are performed within the density functional theory (DFT) framework 41 using the plane wave pseudopotential method as implemented in the Vienna Ab initio Simulation Package (VASP). 42 The exchange-correlation functionals are approximated by the generalized gradient approximation (GGA) with the PBE form of the exchange correlation functional. 43 We use projector augmented wave (PAW) potentials 44 and a kinetic energy cutoff for expansion of wave functions of 520 eV. The Hellmann−Feynman forces were converged to 0.01 eV/Å. The rotationally invariant scheme by Dudarev et al. 45 was used for the Hubbard U correction to GGA (GGA+U). For Ni 3d states, we chose U eff = 6.0 eV from ref 46 , which was estimated from experimental binary formation enthalpies. We cross-checked our calculations by varying the value of the U parameter as well as by employing the HSE screened Coulomb hybrid density functional 47−49 wherever we felt necessary. For all calculations, ferromagnetic spin arrangement between Ni spins was considered.
Construction of the Ternary Phase Diagram. Monte Carlo simulations in the grand canonical ensemble (GCMC) were carried out to determine phase equilibria at a fixed chemical potential and temperature. The grand canonical potential, Ω, is given by Figure 2 illustrates the ground state ternary phase diagram for the LiNiO 2 −NiO 2 −NiO system determined through the combined approach of DFT and the cluster expansion method (DFT+CE). The phase diagram is shown on an equilateral triangle where the three vertices represent 100% Li (LiNiO 2 composition), 100% vacancy □ (NiO 2 composition), and 100% Ni (NiO composition). The formation energy of any Li x Ni 1+x′ □ 1−x−x′ O 2 composition with respect to the reference compositions is therefore defined as
where In the present study, LiNiO 2 is a reference composition. In order to find the ground state cation arrangement within this composition, we calculated the energies of 130 Li, Ni cationic arrangements. The undistorted layered structure having lattice symmetry R3̅ m is 5 meV/oxygen higher in energy compared to an undistorted spinel-like structure, which is achieved by removing all Li ions from the tetrahedral site in the LiNi 2 O 4 spinel structure and filling all vacant octahedral sites with Li. This structure is observed in LiCoO 2 upon low-temperature synthesis. 50 Ni has +3 valence in LiNiO 2 , which has the t 2g 6 e g 1 ( 3d 7 ) electronic configuration in the low spin state. With the e g levels being degenerate, the edge-shared network of NiO 6 octahedra is expected to exhibit strong Jahn−Teller (JT) distortions. Indeed, our computed phonon frequencies at the zone center (q = 0) and the zone boundary (q ≠ 0) symmetry points of the Brillouin zone for both the undistorted R3̅ m layered and Fd3̅ m spinel-like phases indicate structural instabilities. On the basis of the unstable phonon distortions, 24 and 32 low-symmetry structures were identified for the layered and spinel-like phases, respectively. The relaxed energetics for the distorted layered and distorted spinel-like structures are shown in Figure 4a ,c, respectively. We find that the ground state structure has monoclinic P2 1 /c symmetry with a layered arrangement of Li and Ni ions (see Figure 4a ,b), which is 4 meV/oxygen lower in energy compared to the lowest energy spinel-like phase, the I4 1 /c structure (see Figure 4c,d) . The details of the optimized crystal structures are given in Table 1 . The P2 1 /c structure exhibits a zigzag arrangement of JT distortions within the crystallographic bc plane (see Figure 4b) . A similar structure with zigzag JT orbital ordering was discussed and reported earlier. 51−53 The edge-shared NiO 6 octahedra are distorted with two and four Ni−O bonds of length ∼2.11 and ∼1.91 Å, respectively. These NiO 6 bond statistics are in good agreement with the local structures detected through EXAFS and neutron diffraction studies. 51, 54 Although the local JT distortion of our reference phase is in agreement with the experimental reports, a cooperative long-range JT distortion in LiNiO 2 has never been observed. JT distortions in LiNiO 2 systems so far reported are either random or short ranged. 51, 54, 55 Here, it is to be noted that the stoichiometric composition is yet to be synthesized. Under experimental synthesis conditions, excess Ni +2 ions are always incorporated into the Li layer, 2−4,56−60 creating chargecompensating Ni +2 defects in the Ni layer as a result. Ni +2 under octahedral oxygen coordination has t 2g 6 e g 2 (3d 8 ) electronic configuration, which is not JT active. Therefore, formation of sufficient Ni +2 defects may prevent a long-range JT distortion. A long-range JT distortion has been, as a matter of fact, observed in the C2/m structure, in the topologically equivalent NaNiO 2 compound. 56, 61 This monoclinic structure was also considered along with other arrangements of JT distortions in the present study, but it was found to be higher in energy compared to the P2 1 /c structure.
Chemistry of Materials
Our DFT+CE model predicts the existence of four stable phases between the layered LiNiO 2 and the rock-salt NiO phases (as shown in Figure 2b) , none of which, to the best of our knowledge, have been theoretically studied so far. The stable phase at 2/3 Li concentration has monoclinic C2/c symmetry, as illustrated in Figure 5a Figure 5b . The details of the optimized crystal structures are given in Table 2 .
At lower Li concentration, three monoclinic phases at 1 − x = 1/3, 1/4, and 1/6 Li concentrations are observed. Corresponding crystal structures are shown in Figure 5c Table 2 .
The observed Ni-rich phases show only weak stability with respect to the end compositions, as indicated by the small energy scale of the energy hull in Figure 2b . This indicates weak effective interactions between Li and Ni in octahedral sites and is expected to lead to a low order/disorder transition temperature, possibly resulting in the formation of a solid solution between the layered (L) or the rock-salt (R) phase at all but the lowest temperature.
Structure of Ni 1+x O 2 Stable Phases. We now investigate in detail the phases between NiO 2 and NiO. The end member NiO 2 is the result of fully delithiating the layered LiNiO 2 phase (Figure 6a ) having an O3 oxygen slab arrangement. Near stoichiometric Ni 1+δ O 2 can be obtained experimentally through full electrochemical delithiation of a near stoichiometric Li 1−δ Ni 1+δ O 2 .
62−64 In our calculations, this phase shows the lowest energy among all Ni−□ configurations sampled in the fcc oxygen framework. This ground state structure has C2/m symmetry contributed by the unstable phonon distortion at the Γ +3 symmetry point of the high-symmetry R3̅ m structure. A similar structure with higher atomic distortion was reported by Amatucci et al. 63 A different crystal structure with O1 oxygen packing was also reported near the NiO 2 composition. 64 In experiments, the presence of more than 7% excess Ni ions, however, stabilizes O3 oxygen packing by destabilizing the O1 structure. With the GGA exchange-correlation functional, the O1 phase was reported to be 7 meV lower in energy than the O3 phase. 65 In order to simplify our model, we did not consider the O1 phase.
The importance of the Ni-excess phases along the NiO 2 − NiO composition line lies in the fact that they may be formed through two possible ways: (i) due to depletion of oxygen at the surface in the charge−discharge process followed by the back diffusion of Ni ions into the material and (ii) through gradual delithiation of an initial Ni-rich phase.
Between NiO 2 and NiO, we found stable phases at x = 1/4, 1/2, and 3/4 excess Ni concentrations. The corresponding optimized crystal structures are shown in Figure 6 , and structural details are provided in Table 3 . Interestingly, the introduction of excess Ni occurs in a similar manner as that between LiNiO 2 and NiO, i.e., excess Ni gradually populates the vacant layer. We did not observe any Ni ions at the tetrahedral site. The phase at x = 1/4 has R3̅ m symmetry, with the excess Ni going into the vacant layer (as shown in Figure  6c ). The Ni ions in the previously vacant layer are in a +2 valence state with a magnetic moment of ∼1.8μ B . This extra Ni O 6 octahedra (average bond length ∼1.89 Å). This phase will be denoted as β.
The stable structure at x = 1/2 has orthorhombic Cmmm symmetry, with columns of Ni +2 ions arranged along the crystallographic a axis parallel with columns of vacancies in the previously vacant layer and with Ni +4 columns in the Ni layer (see Figure 6d ). We will refer to this phase as γ. At this composition, other TM counterparts, such as Co 3 O 4 and Fe 3 O 4 , are known to form spinel structures in which excess TM occupies the tetrahedral sites of the Fd3̅ m structure. Using GGA+U with U = 6.0 eV applied to the Ni 3d state, the spinel phase is found to be 180 meV/oxygen higher in energy than the γ phase. We investigated the stability of the spinel phase with varying U values from 0 eV (GGA) to 6 eV and with the HSE functional (the standard value of the mixing parameter (0.25) was used). The results are tabulated in Figure S2 . Irrespective of the method employed, the spinel phase was higher in energy compared to the layered γ phase. The results using the HSE functional showed the spinel structure to be unstable by ∼73 meV/oxygen. This value is comparable to the results of GGA +U with U = 4 eV and consistent with the fact that no Ni 3 O 4 spinel phase is known. The low preference shown by the Ni ions in occupying the tetrahedral site can be understood by the ligand theory discussed in ref 66.
A Ni 1.75 O 2 structure with Fm3̅ m symmetry, where 1/4 □ sites are situated at the center of Ni +2 hexagons (Figure 6e ), is predicted to form. In the Ni layer, the Ni +4 ions are also situated at the center of Ni +2 hexagons. Note that this structure has the same symmetry as the rock-salt phase but with a doubled unit cell along the cubic [111] direction. This phase will be referred as δ. Detailed crystal structure data is tabulated in Table 3 .
Structure of Li x NiO 2 Stable Phases. At composition Li 0.5 NiO 2 , the prototype spinel structure is stabilized (see Figure 2b ). This observation is consistent with previous firstprinciples studies 67 and with the typical stability of the spinel structure at this composition. The ground state structure contains equal amounts of Ni +3 and Ni
+4
, where regular Ni +4 O 6 octahedra chains are connected via distorted Ni +3 O 6 links, resulting in the orthorhombic Imma structure. The spinel Imma structure was found to be ∼60 meV/oxygen lower in energy than the metastable delithiated layered configuration at this concentration. In experiments, as the layered LiNiO 2 is partially delithiated, formation of the spinel phase has been observed at elevated temperatures. 5−8 This is in sharp contrast to layered LiMnO 2 , which transforms to the spinel phase upon Li extraction due to high mobility of the Mn ions. 68 4 configurations, as defined in ref 66, were also considered. We find these phases to be higher in energy compared to the spinel structure.
In practice, delithiation from the near stoichiometric LiNiO 2 is known to pass through several ordered layered phases. 73−76 Our ternary cluster expansion can be used to search for the delithiated metastable layered phases by restricting the occupancy of tetrahedral sites to vacancies. A detailed study of these phases was carried out in ref 65 . Results based on this constrained CE are summarized in Figure S3 . Our results show seven monoclinic Li−□ ordered structures at x = 1/3, 1/5, 3/ 5, 2/3, 3/4, 5/6, and 7/8 Li concentrations on the layered energy hull. Rhombohedral ordered structures were found at x = 1/8, 1/4, and 1/3. Our results agree qualitatively with previous first-principles studies and experimental observations, 73−76 with minor discrepancies. (Li−Ni−□)O Ternary Phase Diagram at Finite Temperature. Figure 7 shows the equilibrium LiNiO 2 −NiO 2 −NiO ternary phase diagram at 300 and 600 K, constructed by employing grand canonical Monte Carlo (GCMC) simulations based on the cluster expanded full lattice Hamiltonian. The corresponding phase diagrams in the Li and Ni chemical potential space are shown in Figures S4 and S5 . The shaded regions represent the stability ranges of single phases, and light gray areas are two-phase regions with the dashed tie lines connecting the compositions of both phases in equilibrium. Some single-phase domains touch without a multiphase region between them, representing a second order transition. Threephase regions are shown by tie triangles (white triangles in Figure 7 ). The phase diagram constructed at 600 K is similar to the one constructed at 300 K, exhibiting larger regions of solubility in the single phase. Upon cycling cathode materials at room temperature, a sufficient driving force will need to exist to cause transformation into a new phase, and it is likely that compositions can temporarily exist well outside these singlephase domains. Hence, we also plot the 600 K phase diagram to give some idea of how the phase boundaries extend when higher entropy drives extended solubility.
At 300 K, all stable phases observed at 0 K are present, except the Li-deficient Li 1−x Ni 1+x O 2 phases above x = 0.5, as the order−disorder transition temperature of these phases is below 300 K. Additionally, a dilithiated layered phase occurs around Li 0.125 NiO 2 stoichiometric composition, which is denoted as α′. The energy of the structure is 14 meV/oxygen above the ground state energy hull, i.e., metastable at 0 K. The corresponding Li-vacancy arrangement in the Li plane is depicted in Figure S3 . This phase does not form at 600 K. A phase transition from the ordered λ to the disordered rock-salt phase occurs around 480 K. At 600 K, therefore, the rock-salt phase shares a second order phase boundary with the L phase. As shown in Figure 7a ,b, the spinel (S) phase shows a very small solubility range at both 300 and 600 K. This is mostly due to the high energy associated with placing Ni/vacancy in a tetrahedral site, which would be required for the LiNi 2 O 4 composition to move into the Ni-densified part of the phase diagram. This is also consistent with the fact that formation of Ni at the tetrahedral sites has not been reported through experiments for Ni-containing materials such as NCA and NCM. The spinel phase rather coexists with other stable phases that appear in the phase diagram. Upon the addition of Ni along the NiO 2 −NiO axis, α-NiO 2 first transforms to the β phase through a first order transition at 300 K and a second order transition at 600 K, followed by first order transitions from β → γ → δ → rock-salt (R) at both temperatures. Among these Ni-excess phases, the δ and R phases exist for a large (Li, Ni, □) composition space. The layered phase also exhibits a significant solubility range at 600 K, which probably leads to the nonstoichiometry of the lithium nickelate compositions. Figure 8a shows simulated X-ray powder diffraction (XRD) patterns for each single phase considering stoichiometric compositions. We simulated basic XRD patterns using the Monte Carlo output structures at 600 K, as the main motivation of the present study was to understand the cation configuration of these phases. Note that in the Monte Carlo simulations of the CE all lattice parameters are renormalized and no structural distortions are expressed in the Hamiltonian (even though their effect on the energy is included). We therefore ignored the peak shifting or splitting resulting from structural distortions, a qualitative understanding of which can be obtained from the DFT optimized structures. Important peaks are indexed for each single phase according to the associated crystal symmetry. The signature peak that represents the layered ordering between Li and Ni ions along the fcc cubic [111] direction appears around ∼18°. As shown in Figure 8a , the relative intensity of this peak gets significantly modified with the increase of the Ni content in the system and completely disappears in the rock-salt phase, as expected due the loss of cation ordering with the increase in the Ni concentration. Along with many similarities, these phases exhibit distinct features in the XRD patterns by means of which they may be individually identifiable.
Chemistry of Materials
In contrast to powder XRD patterns, symmetry-equivalent reflections are measured individually either through Fourier transformation (FFT) of the HRTEM images or via selective area electron diffraction (SAED) measurements. These methods have been employed largely to identify the phases that appear at the surface of charged NCA and NMC particles. 16−20 As the formation of disordered spinel and rock-salt type surface phases has been repeatedly experimentally reported for the NCA material, comparative characterizations of the proposed Ni-excess structures with the prototype spinel and rock-salt phases are essential. We observed, among all predicted Ni-excess phases, that the δ structures exhibit remarkable similarities with the cubic spinel phase. The δ phase has cubic Fm3̅ m symmetry with a doubled unit cell compared to the rock-salt phase, which leads to the formation of a (111) diffraction peak around 2θ ∼ 18°, similar to that of the Fd3̅ m spinel structure. This peak has 8-fold multiplicity. The spinel and the δ phases show significant diffraction peaks with the same cubic Miller indices and multiplicity. In the stoichiometric composition of the δ phase, the intensity of the (111) peak is much weaker compared to the (400) diffraction (see Figure 8a) . However, as shown in Figure 8b , with an increase in the Li content the relative intensity of the (111) peak increases, which implies an increase in the cation ordering. Formation of the spinel phase has been associated with the presence of a weak diffraction peak at (220), which is absent in the layered and rock-salt structures. The intensity of this peak strongly depends on the presence of TM ions at the tetrahedral site. Interestingly, a weak (220) peak is also present in the δ phase. The δ phase exhibits a weak reflection at (200), which is absent in the spinel phase. The intensity of this peak, however, decreases with the increase in the Li concentration in the system (see Figure 8 ). Therefore, with increasing Li content, the δ phase is expected to look more like the spinel phase.
In this study, we present LiNiO 2 −NiO 2 −NiO ternary phase diagrams computed using first-principles-based techniques. Our results provide several important insights for the study of Nirich lithium−metal oxides. As in many lithium−metal oxides, the spinel dominates the phase diagram near the LiNi 2 O 4 stoichiometry. The strong stability of this phase limits the solubility domain of other phases. In cases where this phase is not present, and metastable partially delithiated layered phases persist instead, the solubility limits of the other phases will be higher, as the equilibrium chemical potentials in a metastable equilibrium are always higher than in a stable equilibrium. This is usually the case during room temperature electrochemical cycling of LiNiO 2 . Our results also provide important cautions and insights into the processes that occur near the surface of the cathode where the loss of oxygen upon charging creates extra Ni ions, which then back diffuse into the cathode, creating a "densified zone". This densification region is believed to be responsible for the impedance buildup observed during cycling. Although phase identification in these 10−50 nm densified areas is difficult, one often refers generically to the presence of rock-salt-like and spinel phases. The stoichiometric LiNi 2 O 4 spinel structure is known to facilitate Li diffusion 24 and therefore is not expected to contribute to the observed rise in ionic impedance in Ni-rich cathode materials. Our phase diagram offers at least an alternative explanation for the observed impedance rise. The novel phases discovered in the Ni-densified region of the phase diagram present a significantly more complex picture than the typically assumed NiO 2 −NiO equilibrium. These phases all have a very negative formation energy as compared with the NiO 2 −NiO tie line, well outside of the range of typical DFT errors, which gives us high confidence in their prediction. Of these Ni-excess phases, the partially disordered δ phase in particular, which exists for high Li concentration, is very interesting as it shows striking similarities with the prototype spinel structure in its XRD pattern. This δ phase is formed via Li, Ni, and vacancy ordering in the octahedral sites. Despite the structural similarities between the δ and spinel phases, the process of Li-ion diffusion is expected to be much poorer in δ than in spinel, as it does not form a percolating low-energy pathway for Li migration. The similarity of this phase to spinel points to the need for more rigorous characterization of the surface densification products in Ni-rich cathodes in order to understand impedance growth better.
Finally, although our study has been limited to pure Ni systems, it provides implications for other layered oxides and more complex mixed transition metal layered oxides, such as the NCA and NMC cathodes. The driving force to form ordered phases along the NiO 2 −NiO axis is due to the large effective ordering interaction between Ni and vacancies. As this interaction is mostly electrostatic in nature, one can expect it to be fairly chemistry agnostic and also to be present in other Li− M−O systems or in mixed metal NCA and NMC cathodes. Hence, a more complex densification landscape is also likely to be found in these cathodes.

■ CONCLUSIONS
We have investigated the phase equilibria of Ni-densified phases through first-principles simulated model (Li−Ni−□)O phase diagrams and discussed in detail their relevance for the surface phases reported in Ni-rich Li-ion cathode materials. We observed significant similarities in XRD patterns between the prototype spinel and the proposed δ phase. Hence, we speculate that it is possible that what is claimed to be the observation of a disordered spinel phase at the surface of charged cathodes may actually also be the δ phase. Li transport in the δ phase is expected to be much poorer compared to that in the spinel phase. The structures that we have proposed in our study will introduce vital inputs in the process of characterization of the surface phases observed in Ni-rich cathode materials.
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